Efforts to understand shaping driven by nonuniform growth and to translate these principles into practical strategies for controlling the shapes of thin sheets were inspired nearly a decade ago by studies of the buckling of torn plastic sheets (20) . More recently, Sharon and co-workers (17) developed a method wherein temporal control over the composition of a monomer solution introduced into a Hele-Shaw cell was used to write patterns in the shrinkage of a thermally responsive gel. Though an elegant step toward the design of materials with structures defined by patterned growth, this approach is limited to profiles that vary in only one direction, fundamentally restricting the 3D configurations that can be accessed. Thus, the need for strategies to print truly arbitrary patterns of expansion or contraction in synthetic materials has remained a central challenge for the field (21) .
Here, we describe a solution to this challenge through an approach we call "halftone gel lithography," based on a simple two-mask lithographic patterning of photo-cross-linkable copolymer films. Even though the halftone swelling patterns yield in-plane stresses that cannot be eliminated entirely, we find that sufficiently thick sheets smooth out these sharp transitions and yield predictable 3D shapes. This method enables the prescription of effectively smooth swelling profiles on thin sheets with arbitrary 2D geometries, thereby providing access to complex 3D structures. This work opens the door not only to addressing fundamental questions surrounding growth-induced shaping of thin sheets but also to practical fabrication of responsive gel microdevices based on the principles of nonuniform growth.
Our method relies on a temperature-responsive N-isopropylacrylamide (NIPAm) copolymer containing photo-cross-linkable benzophenone (22) acrylamide (BPAm) units (Fig. 1A) . Acrylic acid (AAc) comonomers are included to increase hydrophilicity, and rhodamine B methacrylate (RhBMA) facilitates imaging by fluorescence microscopy. Cross-linking is achieved by exposure of solution-cast copolymer films (with dry thicknesses h ≈ 7 to 17 mm) to ultraviolet (UV) light (∼360 nm), which activates the benzophenone units to form covalent cross-links between polymer chains. The key to spatially patterned swelling is that the conversion of BPAm to crosslinks, and therefore the swelling of the material, can be tuned through the dose of UV. We characterize the material in terms of the equilibrium areal swelling ratio Ω, defined as the ratio of the area of a homogeneous film in the fully swelled state in aqueous solution (1 mM NaCl, 1 mM phosphate buffer; pH 7.2) to the area in the dry, as-cross-linked state. As shown in fig. S1 , a small dose of UV light (0.2 J/cm 2 ) is sufficient to gel the polymer film and gives rise to the highest achievable swelling ratio of Ω high = 8.2 at 22°C, whereas maximum conversion of BPAm at a much larger dose (13.9 J/cm 2 ) leads to materials with substantially reduced swelling, Ω low = 2.3 at 22°C.
This material system provides considerable flexibility for generating swelling patterns on thin elastic sheets. Using traditional photomasks with high contrast between opaque and nearly transparent regions, a series of n different masks aligned in succession allows any region of the sheet to receive one of 2 n distinct irradiation doses. In some cases, simple patterns consisting of only a few discrete levels of swelling may be adequate to achieve the desired control of shape; however, this scenario is poorly understood compared to that of plates with smoothly varying metrics. The use of a large number of masks would allow for fine gradations in swelling, presumably allowing smooth metrics to be approximated, with the drawback that an increased number of mask alignment steps makes the process more difficult and less robust. Alternatively, true "grayscale" lithographic techniques could be employed to provide nearly continuous variations in light intensity through masked or maskless exposures, but these methods require complex lithographic processes or mask fabrication steps (23, 24) .
Instead, we focus on a simple approach inspired by the ubiquitous printing method of halftoning, wherein continuous variations in tone are simulated using only a few colors of ink. The process of halftone gel lithography is illustrated in Fig. 1 , B to G. An initial photomask is used to define the overall shape of the object by providing a small dose of UV light that sets the swelling of the material to Ω high . A second mask is used to define a pattern of circular dots of diameter d that are extensively cross-linked to restrict their swelling to Ω low . We use a hexagonal lattice of dots with a lattice spacing a that is held constant on any given sheet, while d is varied in space, thus allowing nearly continuous changes in swelling to be printed in 2D. Whereas traditional halftone printing takes advantage of the on September 6, 2012 www.sciencemag.org limited resolution of the human eye to provide the illusion of a homogeneous tone from closely spaced dots, our approach relies on the elasticity of the thin polymer sheet to locally smooth out the sharp contrast between the highly cross-linked dots and lightly cross-linked matrix, thereby yielding an intermediate degree of swelling.
To calibrate the method, we first explore the swelling of disks with dots of uniform diameter. As indicated in Fig. 1H , these disks show globally homogeneous swelling by an amount Ω that can be continuously tuned between the two extremes Ω low and Ω high by changing the area fraction of low-swelling regions, defined for d ≤ a as
Given that Ω is largely insensitive to f low beyond the point when neighboring dots begin to touch-that is, at f low ≥ 0.91-for simplicity we restrict dot sizes to d ≤ a without appreciably restricting the accessible range of swelling.
A simple model to describe swelling comes from considering the two gel regions as lumped 1D elements in parallel [see the supporting online material (SOM) for details], yielding the prediction
where a is the ratio of the elastic moduli in the two material regions. Although this model captures the essential qualitative physics of mutually constrained swelling, it is too simple to yield quantitative agreement with material properties; thus, in practice a is treated as a fitting parameter. As shown in Fig. 1H , a value of a = 0.56 provides a good fit to the observed swelling of halftoned composite gels. As expected based on the well-known temperature sensitivity of NIPAm copolymers, at each value of f low the composite disks deswell with increasing temperature, as shown in Fig. 1I . However, since the lightly cross-linked regions show more pronounced deswelling, the values of swelling converge to a narrow range between 1 and 2 at 45°to 50°C. Whereas the composite disks described in Fig. 1 behave as homogeneous materials on length scales longer than the lattice dimension, the compressive stresses present in the lightly cross-linked matrix may cause local buckling when the disks are made sufficiently thin. To prevent this, we expect that the length scale of the lattice should not be much larger than h. Indeed, when we vary the dot size and spacing at constant f low = 0.4, we find a critical lattice spacing, a c = (7.9 T 0.8)h, below which the sheets remain flat and above which the high-swelling regions form buckled ridges spanning neighboring dots (Fig.  1J ). Although the prefactor relating a c and h will depend somewhat on f low , for the remainder of the discussion we will keep a ≤ 4h, which is sufficient to avoid local buckling in all cases.
Having established that halftoning provides access to nearly continuous variations in swelling for disks with homogeneous dot sizes, we next consider the printing of spatially varying, axisymmetric, patterns of growth corresponding to target shapes with constant Gaussian curvature K, as shown in Fig. 2 , A to D. Following Sharon and co-workers (17, 18, 21) , we refer to Ω(r) as the "target metric" encoding the local equilibrium distances between points on the surface. A sheet of vanishing thickness should adopt the isometric embedding of this target metric with the lowest bending energy (18) , provided that such an embedding exists. Written in terms of the coordinates on the flat, unswelled gel sheet, the target curvature at a material point r is set by the swelling factor Ω(r) according to Gauss's theorema egregium, K = −∇ 2 lnΩ/(2Ω) (25) . Thus, where r represents the radial position in a cylindrical coordinate system and c, R, and b are constants, swelling factors of the form
should yield K = 0, whereas those of the form ( J) Below a thickness-dependent critical lattice spacing a c , disks remain flat, whereas above a c they undergo local buckling between neighboring dots. The value of a c is plotted for a range of film thicknesses (symbols), along with a least squares fit of a linear relationship with zero intercept (dashed line). of Ω(r) at each lattice point according to Eqs. 3 and 4, determining the corresponding value of f low from the fit of Eq. 2 to the data in Fig. 1H , and finally setting the size of the dot at that lattice point according to Eq. 1. Because the power-law metrics in Eq. 3 diverge or vanish at the origin, it is necessary to cut out a small region around the center of each of the two cones.
The shapes adopted by the corresponding gel sheets (Fig. 2, A to D) are measured by laser scanning confocal fluorescence microscopy (LSCM) and analyzed as described in the SOM. Each of the four surfaces shows only small deviations about an average Gaussian curvature, with the exception of the regions near the free edges, where our analysis yields artifactual curvatures (due to the finite thickness of the gel sheets, the surface meshing procedure used yields additional points on the edges that do not accurately reflect the 2D geometries of the sheets). After excluding regions of the surface within 2h of the edges to avoid these artifacts, we find the average Gaussian curvatures of the spherical cap and saddle to be 6.2 mm −2 and -20.6 mm Fig. 2E shows a plot of the deficit angle d measured for five different cone metrics with power law exponents −1 ≤ b < 0, which agrees closely with the programmed value d = −pb.
We next consider metrics of the form
corresponding to Enneper's minimal surfaces with n nodes. These surfaces all have zero mean curvature and so are expected to minimize the elastic energy for these metrics at vanishing thickness (18) . Although Eq. 5 is axisymmetric, Enneper's surfaces spontaneously break axial symmetry by forming n wrinkles. In Fig. 2 , G to J, we demonstrate patterned surfaces with n = 3 to 6, each of which reproduces the targeted number of wrinkles. As shown in the maps of curvature in Fig. 2 (and azimuthally averaged plots in fig. S2B ), each surface has small mean curvature and negative Gaussian curvature that matches closely with the target profile. For a given film thickness, increasing n eventually leads to a saturation in the number of wrinkles, because the bending energy arising from Gaussian curvature increases with n (for the films with h ≈ 7 mm in Fig. 4 , a metric with n = 8 yielded only six wrinkles). However, given the subtle differences between the metrics plotted in Fig.  2F , the ability to accurately reproduce the programmed number of wrinkles for n = 3 to 6 is a strong testament to the fidelity of the metrics patterned by this technique. The true power of our approach lies in the fabrication of nonaxisymmetric swelling patterns. As a simple demonstration, we first consider the problem of how to form a sphere through growth. For the axisymmetric metric described in Eq. 4, the maximum value of r/R to which this metric can be experimentally patterned is restricted by the accessible range of swelling. In our case, this range is Ω high /Ω low ≈ 3.7, limiting the maximum portion of a sphere that can be obtained to slightly less than half. Although further improvements in the material system are likely to increase the available range, the axisymmetric metric is inherently an inefficient way to form a sphere, because as one seeks to go beyond a hemisphere and toward a closed shape, the required swelling contrast diverges rapidly. Given access to 2D metrics, however, a number of well-established conformal mappings of the sphere onto flat surfaces are known from the field of map projections. For example, the Peirce quincuncial projection (27) maps a sphere of radius R onto a square using the metric Wðx; yÞ ¼ 2
where sn, cn, and dn are Jacobi elliptic functions, and x and y are the components of r. This metric still has four cusp-like singularities where Ω(r) = 0; however, one of its useful properties as a map projection is that only a small portion Fig. 3B . The resulting swelled shape (Fig. 3A) does indeed approximate that of a sphere (see fig. S3 for plots of surface curvatures) with four small regions removed, although the four corners of the square do not quite close. The reason for the latter behavior remains under investigation but may arise from the excised singularities and/or the finite bending energy of the sheet. Nonetheless, the contrast between the nearly closed shape achieved in Fig. 3A and the limited spherical caps that may be obtained for the same material system with an axisymmetric metric highlights the importance of 2D patterning, even for generating axisymmetric shapes.
Beyond fabricating simple shapes with constant target Gaussian curvature, our approach opens the door to shapes of arbitrary complexity. Although numerous fundamental questions and practical challenges remain to establishing the necessary design rules, we take a first step toward the construction of shapes whose swelling factors are not known a priori by considering a corrugated surface (Fig. 3C ) described by the height function H(x,y) = H 0 [cos(2px/L) + cos(px/L + √3py/L)], where 2L is the width of the sheet. We choose H 0 = 60 mm and L = 300 mm. Determining an appropriate swelling factor is equivalent to finding a conformal coordinate system on the surface (as described in the SOM) and yields the swelling function shown in Fig.  3H . This example highlights some of the remaining challenges in designing arbitrary 3D shapes, because sheets patterned according to Fig. 3H often fail to form the desired shape upon swelling. The three local maxima in growth, lying along the line cutting diagonally through the center of the sheet, each represent regions of positive target Gaussian curvature; however, each may achieve its desired local curvature by buckling either upward or downward. Indeed, rather than buckling in the manner described by H(x,y), these local maxima in swelling may instead all buckle in the same direction, as shown in Fig. 3G (again, possibly reflecting a preference for buckling in one direction due to slight through-thickness variations in swelling). However, in some cases, the sheets do swell into the corrugated conformation shown in Fig. 3E , which is very similar to the programmed surface H(x,y), as can also be seen by comparing the targeted (Fig. 3D) and measured (Fig. 3F) Gaussian curvatures. The use of a glass micropipette to hold the patterned sheet against the substrate during swelling (upon cooling from 40°to 22°C) tends to constrain the sheet to swell into the corrugated shape, and initially misfolded sheets can also be "snapped through" into the desired configuration by application of force to the center-most region of positive curvature. Thus, we conclude that such surfaces with complex swelling patterns may in general form multiple different shapes that are locally metastable and that additional constraints may therefore be required to ensure that a specific shape is chosen.
Finally, we demonstrate the responsiveness of the patterned sheets to changes in temperature using another nonaxisymmetric metric that combines that for an Enneper's surface with four Upon lowering the temperature to 22°C, the disk swells back to the initial hybrid shape through a different pathway. Initial thickness and disk diameter are 7 and 390 mm, respectively. nodes along 0 < q < p with that for an Enneper's surface with two nodes along p < q < 2p. Remarkably, despite the sharp changes in the metric at q = 0 and p, the sheet does adopt the desired hybrid shape when swelled at room temperature, as shown in Fig. 4 (and as a movie in the SOM). As temperature is increased, Ω high and Ω low both decrease, but also converge, causing the buckled disc to first decrease in size and eventually flatten by 49°C. A subsequent decrease in temperature to 22°C causes the disc to regain its initial shape, although the progression of intermediate shapes is not the same. A more detailed study of the pathways and kinetics of swelling and deswelling is an interesting subject for future study.
In conclusion, we have demonstrated a simple method for halftone lithography of photo-crosslinkable copolymers that permits fabrication of stimulus-responsive gel sheets with micrometerscale thicknesses and 2D patterned swelling. As long as the dots used to define the halftone pattern are smaller than several times the film thickness, the material behaves as a homogeneous elastic composite on length scales larger than the dot pattern. By patterning spatial variations in dot size, the degree of swelling of the composite gel sheets can be tuned effectively continuously across a wide range using only two high-contrast photomasks. This method provides access not only to simple radially symmetric metrics that yield shapes with nearly constant Gaussian curvature or almost zero mean curvature but also to truly 2D patterns of swelling. Thus, it represents a powerful method for fabricating stimuli-responsive gel micro-devices and studying fundamental questions about how 3D shapes are formed through differential growth in 2D. We showed that alumina (Al 2 O 3 ) overcoating of supported metal nanoparticles (NPs) effectively reduced deactivation by coking and sintering in high-temperature applications of heterogeneous catalysts. We overcoated palladium NPs with 45 layers of alumina through an atomic layer deposition (ALD) process that alternated exposures of the catalysts to trimethylaluminum and water at 200°C. When these catalysts were used for 1 hour in oxidative dehydrogenation of ethane to ethylene at 650°C, they were found by thermogravimetric analysis to contain less than 6% of the coke formed on the uncoated catalysts. Scanning transmission electron microscopy showed no visible morphology changes after reaction at 675°C for 28 hours. The yield of ethylene was improved on all ALD Al 2 O 3 overcoated Pd catalysts.
T he two main routes to the deactivation of catalysts consisting of metal nanoparticles (NPs) adsorbed on metal oxide supports are coking (the blocking of the metal surface by the accumulation of carbon on the metal) and sintering (the formation of larger metal particles, which lowers overall surface area and activity). Catalyst deactivation is costly, because catalysts must be regenerated or replaced and because processes are shut down while these steps are taken (1) . Efforts to solve these two problems have typically focused on one or the other individually, although they often occur simultaneously.
Coke formation (or carbon deposition) during hydrocarbon reactions (2-4) is often addressed by passivating the active metal with traces of sulfur, triphenylphosphites, tin, bismuth, et al. (5-10) ; formation of an alloy (5, 9-12); or accelerated coke removal through gasification (9, 13). The sintering of metal NPs at high temperatures, particularly above the Tammann temperature (half of the bulk melting point in degrees kelvin), has been prevented in a few cases through steric stabilization by an overlayer of inorganic oxide such as mesoporous silica (14, 15) , tin oxide (16), zirconia (17) , or ceria (18) . In these examples, oxide shells, tens of nanometers thick, are formed around the metal NPs by chemical vapor deposition, dendrimer encapsulation, or grafting. The shell thickness is often poorly controlled, which leads to a decrease in catalytic activity from mass transfer resistance associated with shells that are thicker than desired. None of the above methods has achieved simultaneous inhibition of coking and sintering of supported metal catalysts, while maintaining high catalytic activity in high-temperature applications.
We report that Al 2 O 3 overcoats, with a thickness near 8 nm, on supported Pd catalysts can effectively inhibit coke formation and greatly improve the thermal stability of Pd at temperatures
